Environmental, genotypic, and ploidy effects on endopolyploidization within a genotype of Solanum phureja and its derivatives H. R. OWEN, R. E. VEILLEUX, D. LEVY, AND D. L. OCHS Introduction Protoplast fusion is a procedure for producing hybrids that cannot be produced through sexual means (Austin et al. 1985 Hein and Schieder 1986; Helgeson et al. 1986) . By this process, somatic cells, rather than germ cells, fuse and generate an entire organism. The union of somatic cells may result in hybrid cells or organisms with mitotic and meiotic irregularities ) that may be caused, in part, by the doubling of the chromosome number in the fusion product. Protoplasts derived from diverse monoploid, (2n = x = 12) genotypes within a species may, when fused, result in somatic hybrids which exhibit fewer meiotic abnormalities (e.g., multivalent chromosomes during prophase I of meiosis) because the fusion partners in this instance contain the gametic, rather than the somatic, chromosome complement.
Monoploid genotypes may be useful in potato germplasm development for several reasons. Protoplasts isolated from monoploid tissues would be more suited to microbial techniques, because of their hemizygous state, than their diploid counterparts (Maheshwari et al. 1982; Melchers 1972) . Protoplast fusion of unrelated monoploid genotypes derived from diplandrous donors would produce a heterozygous diploid that, if fertile, could be used in 4x-2x (unilateral) ~exual polyploidization to create highly heterozygous, tetraploid progeny. If the unreduced gametes of the diploid parent are produced via first division restitution, the heterozygosity inherent in the diploid parent produced by protoplast fusion would be conserved (Veilleux 1985; Wenzel et al. 1982) .
Unfortunately, isolated plant cells and tissues in vitro are subject to mitotic irregularities, including chromosomal rearrangement, mutation, and an uncoupling of DNA replication from cell division, a process known as endopolyploidization Puite et al. 1986 ). Plant regeneration from callus or isolated protoplasts would be simplified by using genetically uniform and stable plant material but this cannot always be maintained, particularly in long term cultures that pass through a callus phase (Karp et al. 1985) . Over time, in vitro cultures of differentiated or nonmeristematic tissues may contain cells with a wide range of ploidy levels. Similarly, plants regenerated from these cells and tissues may contain nuclei of several ploidy levels, creating a poly somatic condition. It has been demonstrated that monoploid plants may not be entirely monoploid; some proportion of cells may undergo one or more cycles of endopolyploidization in vivo (Sree Ramulu and Dijkhuis 1986; Uijtewaall987). It is necessary, therefore, to assess the cultural, genotypic, and ploidy influences on the process of endopolyploidization in order to select plant material and conditions conducive to monoploid stability.
Flow-cytometric analysis has been used to analyze structural and nuclear components in plant cell preparations with great accuracy and rapidity (Alexander et al. 1985; Arndt-Jovin and Jovin 1977; Galbraith et al. 1984; de Laat and Blaas 1984; Muirhead and Horan 1984) . The objectives of the following study were to determine: (i) if the level of endopolyploidization of a monoploid genotype in vivo differs from that in vitro; (ii) if protoplast isolation selects for a particular ploidy level; (iii) if initial ploidy level limits endopolyploidization; and (iv) if monoploid genotypes, derived from anther culture of a single diploid genotype, differ for their level of endopolyploidization. To address the first three objectives, the level of endopolyploidization between in vivo, in vitro, and protoplastderived nuclei from plant material of three ploidy levels were compared. The last objective was addressed utilizing nine monoploid genotypes, all derived from anther culture of Solanum phureja genotype PP5, a diploid South American cultivated potato species possessing several traits useful to breeding programs.
Materials and methods

Origin of plant material
Monoploid genotypes (AM2, AM3, AM4, AM6, AM7, AM13, AM20, AM21, AM26, AM27) were obtained via anther culture of Solanum phureja, P.I. 225669, genotype PP5 (Veilleux eta!. 1985) . Diploid (AM13-2) and tetraploid (AM13-9) calliclones were generated by leaf-disc culture of AM13 according to Wang and Huang (1975) . Plantlets regenerated from both anther and callus culture were subcultured onto basal medium (Murashige and Skoog 1962) for rooting. Rooted plantlets were removed from the tubes, planted in moist sand, and placed in a greenhouse under intermittent mist for acclimatization. Once established, they were transplanted into 8-cm, then 20-cm plastic pots and allowed to complete at least two tuber cycles prior to reestablishment of in vitro stocks from shoot tips and nodal cuttings. Plants were propagated in vitro according to Haberlach et al (1985) for at least 8 weeks prior to protoplast isolation. The slow growth of the monoploid plants in vitro necessitated a longer than typical culture duration in order to generate sufficient plant material for protoplast isolation. Leaf material from greenhouse plants was collected from young fully expanded leaves approximately 10 weeks after planting of tubers (ambient spring light and temperature).
Protoplast isolation
All steps in protoplast isolation were conducted under sterile conditions. All media (flotation, conditioning, enzyme, and rinse) were filter-sterilized and prepared according to Haberlach et al. (1985) . Due to the small size of leaves in vitro, both stem and leaf material were removed from three Magenta boxes (Carolina Biological Supply Co.), cut into single-node sections, and placed in a 15-cm diameter Petri plate containing a single sheet of filter paper (Whatman No. 3) and 30 mL of flotation medium. Plates were wrapped in parafilm (American Can Co., Greenwich, CT) and foil and incubated at 23 oc for 24 h. The plant material was transferred to 250-mL shaker flasks containing 125 mL of conditioning medium and incubated in the dark for an additional 24 hat 4 °C. The plant material was poured through a sieve to remove the conditioning medium, placed in a 15-cm diameter glass Petri plate, sliced between two scalpels (No. 10) to form a coarse sample (approximately 2-mm sections) and placed in another 250-mL flask containing 50 mL enzyme medium. The flasks were sealed with parafilm, placed on an oscillating shaker at 40 oscillations/ min, and incubated for 15 h at 23 oc under fluorescent light. The enzyme and plant material mixture was poured through a 63-J.tm filter, transferred to 50-mL Babcock bottles (Kimble Glass), and centrifuged at 500 rpm for 10 min. The band of protoplasts was removed with a Pasteur pipet, dispersed into a Babcock bottle containing rinse medium, and recentrifuged. A 0.25-mL sample of the protoplasts was placed into a microcentrifuge tube containing I mL of chopping buffer (882 mg sodium citrate, 419 mg MOPS, 915 mg MgCl2, 0.1 mL Triton X-100/250 mL) to burst the protoplast membranes prior to RNAase treatment and DNA staining (Sharma et al. 1983 ).
Preparation of chopped nuclei
One gram of leaf material (either in vivo or in vitro) was chopped on ice for 3 min with a razor blade in a 6-cm diameter glass Petri plate containing 3 mL chopping buffer. The mixture was poured through a 300-J.tm filter and then through a 60-J.tm filter to remove debris. One millilitre of the ftltrate was placed in a microcentrifuge tube for RNAase treatment.
RNA removal and DNA staining
Both protoplast-derived and chopped nuclei were incubated in 0.5 mL RNAase solution (80 mg Sigma R 5503 ribonuclease-A in 100 mL chopping buffer) at 23 °C for 30 min. A 0.25-mL aliquot of propidium iodide (PI) solution (40 mg PI in 100 mL chopping buffer) was added to each sample, incubated on ice for at least an additional 30 min and analyzed within 3 h.
Flow cytometry
Stained samples were filtered through a 37-J.tm nylon mesh and analyzed with an Epics V, Model 752 laser flow cytometer and cell sorter (Coulter Electronics, Hialeah, FL). Laser excitation was 300 mW at 488 nm from a 5 W Innova 90 Argon Laser (Coherent Inc. , Palo Alto, CA). Three parameters were recorded: forward angle light scatter (FALS) and 90 degree light scatter (90LS, 488-nm dichroic filter) for size and granularity determinations, and red fluorescence (RFL, 590-nm dichroic, 610-nm long pass filter) for DNA measurements. The Multiparameter Data Aquisition and Display System (MDADS) and Easy 88 microcomputer analysis (Coulter Electronics) were used for data collection and analysis. FALS, 90LS, and RFL were collected as linear integral, log integral, and linear peak, respectively. Histograms of number of nuclei per fluorescence channel contained 256 channels and were gated on FALS and 90LS dual parameter histograms defining the population of interest. The fluorescence signal from PI-stained preparations is proportional to the DNA content of particles (nuclei) passing through the laser beam. Chicken red blood cells and a microsphere standard (Coulter Electronics) were used as calibration standards. Nuclear counts were set at 10 000/sample. Samples of in vivo chopped nuclei, in vitro chopped nuclei, and protoplast-derived nuclei from PP5, AM13, AM13-2, and AM13-9 were prepared and analyzed on the same day. Likewise, a complete set of protoplast-derived nuclei from the nine monoploid genotypes and PP5 were prepared and analyzed on each of 3 days. DNA measurements of protoplast-derived nuclei from the nine monoploid genotypes and PP5 were replicated after 7 and 14 days, using different sets of 8-week-old plants propagated in vitro under similar conditions. The frequency data for nuclei exhibiting the lC , 2C, and 4C DNA contents for the nine monoploid genotypes were tested first using a multivariate analysis of variance (MANOVA) with Wilks' statistic (SAS 1985) . This test accounts for the correlation among the three variables. A subsequent ANOVA by genotype was performed on the frequency of nuclei exhibiting the 4C DNA content, the peak which contributed most to the multivariate analysis.
Results
DNA histograms of the anther-donor genotype (PP5) from leaf nuclei both in vivo and in vitro and protoplast-derived nuclei illustrated DNA peaks characteristic of diploid populations (Fig. 1) . All three histograms exhibited a large 2C peak containing approximately 70% of the nuclei , corresponding to GoG, phase, and a smaller 4C peak, which includes G2 + M phases of the cell cycle. Protoplast-derived nuclei produced cleaner histograms because of the removal of chloroplasts and other cellular components during sample preparation (protoplast flotation and rinsing) and (or) the elimination of fragmented nuclei that may have resulted from sample preparation during chopping.
Histograms of the monoploid, anther-derived genotype (AM13), contained lC, 2C, and 4C peaks for both in vivo and in vitro chopped nuclei. The second peak included both G2 and M phases, thus it was not possible to discriminate between a single cycle of endoreplication and DNA replication prior to cytokinesis in this peak. However, because the 4C peak resulted from either M phase cells of single-cycle endoreplicated cells, or G2 cells that had undergone two cycles of endoreplication, it was clear that endopolyploidization had occurred in the monoploid preparations. The DNA distribution of protoplast-derived nuclei from monoploid genotype AM13 did not contain a 4C peak, so endopolyploidization was not certain in this sample.
Preparations from diploid (AM13-2) and tetraploid (AM13-9) clones in vivo also contained 1C, 2C, and 4C peaks, with the peak of highest frequency corresponding to the ploidy level determined for the clone by examination of chromosomes in Feulgen-stained root tip cells. This suggests that endopolyploidization was not complete within the whole plant in vivo, creating a mixoploid condition. Preparations of leaf nuclei in vitro for both clones did not contain DNA of lower ploidy levels. Because these preparations were from plant material reintroduced in vitro from shoot tips or single node cuttings of the in vivo plants, endopolyploidization was either complete within the ex plants, or the conditions of plant growth in vitro favored replication of the cells of higher ploidy levels.
DNA peaks of nuclei from the nine monoploid genotypes (Fig. 2) showed 1C, 2C, and 4C peaks, demonstrating endopolyploidization in protoplast-derived preparations. Chicken red blood cells recorded a peak channel number of 41 that overlapped with the 1C peak of the monoploid genotypes, thus necessitating its use as an external standard only. Multivariate analysis of variance indicated differences among genotypes for the three DNA peaks (F = 2.38, p < 0.01 by Wilks' criterion). Subsequent canonical discriminant analysis indicated that most of the difference was due to variability among genotypes for the 4C peak. An independent analysis of the 4C peak indicated genotypic differences for frequency of cells exhibit ing endopolyploidization (Table 1) . However, in another separate analysis, variability for frequency of nuclei exhibiting the 1C DNA content was not evident among the monoploid genotypes (Table 1) , allowing for analysis of the effect of sampling date (i.e., replication effect) on frequency of 1C DNA content by disregarding genotypes. A significant difference was found among replications (P < 0.0001), with a mean frequency of 1C nuclei of 42.9, 38.9, and 35.8% for protoplasts extracted on May 21, May 28, and June 4, 1987, respectively. A significant negative correlation was found between lC and 4C DNA content (r = -0.63, P < 0.0005). In addition, the frequency of G, phase nuclei exhibiting the lC DNA content in the monoploid genotypes was consistently lower (mean= 25.3%) than that for G, phase nuclei with the 2C DNA content of the diploid, anther-donor genotype (mean = 61.6%). Similarly, the frequency of nuclei with the 2C DNA content (G2 phase + single cycle endoreplicated cells at G, phase) from the monoploid genotypes was higher than that of nuclei with the 4C DNA content (again G2 phase + single cycle endoreplicated cell at G, phase) of the diploid, anther-donor genotype (52.6% and 31.8% respectively).
Discussion
As cells and tissues become more differentiated and removed from meristematic zones or growth stages, DNA synthesis and cytokinesis become less synchronous ). For plant cell isolation, manipulation, and regeneration to be useful in germ plasm improvement, genetic and genomic stability should be predictable. Current methods for cell and tissue culture, and for genetic manipulation, require the transfer of plant cells from their natural environments to synthetic ones. The response of plant cells to new environments may depend upon internal genetic factors and external cultural factors. The present study demonstrated that both of these factors may affect the process of endopolyploidization.
Nuclei from monoploid protoplast preparations exhibited a range of C values. Sree Ramulu and Dijkhuis (1986) also noted this occurrence in monoploid S. tuberosum genotypes and demonstrated variability among tissues for the degree of endopolyploidization. Protoplast preparations from monoploid leaf tissue only, or a combination of leaf and stem tissue, did not differ in their array of DNA values in our investigations.
Genotypes AM13, AM13-2, and AM13-9 differ in ploidy but, except for the possibility of somaclonal variation induced during the culture process, are genetically similar. Thus, they are especially useful for separating ploidy influences from genotypic effects. DNA histograms from the diploid (AM13-2) and tetraploid (AM13-9) clones did not contain C values indicative of endopolyploidization (i.e., 8C or 16C, respectively), as did the monoploid genotype from which they were derived (AM13). Thus, a limit to endopolyploidization caused by factors other than genotype has been indicated. This limit to endopolyploidization was further supported by the absence of an 8C peak in tetraploid preparations from all three environments (in vivo, in vitro, and protoplast-derived nuclei) and from protoplast preparations of nine monoploid genotypes. The monoploid data suggested that genotype may influence the susceptibility of a cell to undergo endopolyploidization, but that other factors impose limits to this process.
Regarding cell cycle phase, lC nuclei from monoploid preparations correspond to 2C nuclei from diploid preparations (both representing G0G, phase); similarly, 2C nuclei from monoploid cells correspond to 4C nuclei of diploid cells (both representing G2 + M). However, the lC monoploid frequencies were consistently lower than the 2C diploid frequency, and the 2C monoploid frequencies were consistently higher than the 4C diploid frequency , suggesting more endopolyploidization in monoploid preparations. Variability among the monoploid genotypes for frequency of 4C nuclei indicated that the degree of endopolyploidization was influenced by genotype. When selecting monoploid genotypes for cell fusion, it may be useful, therefore, to determine the fraction of 4C cells in a sample, since it is the first clear indication of endopolyploidization and a better predictor of a genotype's susceptibility to undergo endopolyploidization during subsequent cell culture and plant regeneration. The negative correlation between 1C and 4C DNA content of the monoploid genotypes suggests that analysis and sorting for higher monoploid status may also select for genotypes having a higher monoploid stability. If monoploid stability in organized tissue is indicative of ploidy stability during cell and tissue culture, selection of monoploid fusion partners that retain a high frequency of 1 C nuclei may produce a higher occurrence of diploid heterokaryons after somatic hybridization and may reduce the frequency of polyploidy regenerants from callus.
